In a combined experimental and theoretical study, we investigate the influence of the material source arrangement in a molecular beam epitaxy (MBE) system on the growth of nanowire (NW) core-shell structures. In particular, we study the shell growth of GaN around GaN template NWs under the boundary condition that Ga and N do not impinge on a given sidewall facet at the same time. Our experiments with different V/III ratios and substrate temperatures show that obtaining shells with homogeneous thickness along the whole NW length is not straightforward. Analyzing in detail the shell morphology with and without substrate rotation, we find that the different azimuthal angles of the sources have a major impact on the Ga adatom kinetics and the final shell morphology. In general, growth is possible only under directly impinging N, and Ga adatoms diffuse between the sidewalls and the top facet as well as the substrate, but not between adjacent sidewall facets. On the basis of these experimental results, we develop a diffusion model which takes into account different NW facets and the substrate. The model allows to describe well the experimental shell profiles and predicts that homogeneous shell growth can be achieved if the Ga and N source are arranged next to each other or for very high rotation speeds. Moreover, the modeling reveals that the growth on a given side facet can be categorized within one rotation in four different phases: the Ga wetting phase, the metal-rich growth phase, the N-rich growth phase, and the dissociation phase. The striking difference to growth processes on planar samples is that, in our case, diffusion takes place between different regions, i.e. the sidewall vs. the top facet and substrate, out of which on one N impinges not continuously, resulting in complex gradients in chemical potential that are modulated in time by substrate rotation. The comprehensiveness of our model provides a deep understanding of diffusion processes and the resulting adatom concentration, and could be applied to other 3D structures and material systems.
I. INTRODUCTION
One major advantage of core-shell nanowires (NWs) over planar structures is that the active region area can be drastically increased by simply increasing their aspect ratio. This makes core-shell structures particulary interesting for applications like LEDs or solar cells, where large active regions are beneficial [1, 2] . In order to grow well defined core-shell heterostructures, a precise control over the shell thickness along the whole length of the NW is needed. An epitaxial technique which allows the fabrication of heterostructures with monolayer precision is molecular beam epitaxy (MBE) [3] . The molecular beams characteristic for this technique deposit material in direct line of sight from the source. Due to this directional nature, for three-dimensional (3D) structures like NWs, the chamber geometry plays -in contrast to conventional planar growth -a major role in the deposition process [4] . Firstly, the position of the material sources in the chamber determines the polar angle α between the respective directions of the material beams and the substrate normal. As a consequence, the effective material fluxes on the NW top facet and the side facets may differ considerably. Secondly, due to the circular arrangement of the material sources in the chamber, where each material source has a certain azimuthal angle β, the side facets are only exposed sequentially to the different material fluxes during substrate rotation. Both ge- * Electronic mail: treeck@pdi-berlin.de ometrical aspects have a significant influence on the shell growth by MBE.
Among the enormous literature devoted to axial and radial growth of NWs by MBE, numerous studies mentioned the role of the source positions explicitly [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . It has been found that for the usual angles of α = 30-40 • , gradients in the chemical potential lead to an increased adatom diffusion along the NW sidewalls towards the NW top facet or droplet. For arsenide and nitride material systems, it has been shown that in addition to the NW dimensions and the V/III ratio, the polar angle α of the material sources has a significant influence on the final NW morphology [5, 7, 12] .
The aspect that the side facets are only sequentially exposed to the different material beams has been widely ignored so far. Usually, only the fact that the flux impinging on the side facets can be lowered by self-shadowing has been considered by introducing a geometrical factor. As a notable exception, Foxon et al. [4] pointed out for GaN NWs that the growth on the NW sidewalls may rather resemble migration enhanced epitaxy (MEE) than a classical MBE growth process. Hence, phenomena like Ga diffusion on the sidewall towards the NW top or substrate even before the side facet is exposed to the N beam might significantly affect the local growth rate and influence the thickness homogeneity of the shell. Therefore, a more detailed understanding of the diffusion and growth processes on the NW side facets under changing conditions during rotation is needed for the controlled growth of homogeneous and complex core-shell structures.
In this study, we investigate for GaN NWs, both experi-mentally and theoretically, the influence of the different azimuthal angles of the Ga and the N source on the Ga adatom kinetics on the NW and the resulting shell morphology. We experimentally study the shell growth of GaN as a function of the V/III ratio and the temperature, where we analyze in detail the shell morphology with and without substrate rotation. On the basis of these experimental results, we develop a diffusion model which takes into account the different side and top facets of the NW as well as the substrate. The model allows to describe well the shell profile and conveys a deeper understanding of the adatom kinetics on the NW. Investigating the adatom concentration and diffusion on the NW side facet during substrate rotation, we analyze in particular the influence of the circular arrangement of the material sources on the thickness homogeneity of the NW shell. Moreover, we discuss how the shell morphology can be controlled by optimizing the rotation speed and V/III ratio.
II. SAMPLES, EXPERIMENTS, AND METHODS
We investigate five different core-shell NW ensembles A -E grown by plasma-assisted MBE. The GaN core NWs, also referred to as template NWs, were grown at a V/III ratio of 2.5 and a substrate temperature of about 780 • C by means of self-assembly processes on a 3 µm thick Ti film sputtered on a Al 2 O 3 (0001) substrate. The Ti film was nitridized prior to the nucleation of the first NWs while ramping to the growth temperature and a thin TiN layer formed. The template NWs have a mean diameter and length of about 35 nm and 790 nm, respectively, with a NW density of about 10 9 cm −2 . Due to the rather low NW density almost all NWs are uncoalesced and mutual shadowing from the impinging fluxes is drastically reduced. More information on the template NW ensemble can be found elsewhere [20] [21] [22] . The above mentioned growth conditions for the template NW ensembles were used for all core-shell samples A -E.
The shell growth was investigated as a function of the V/III ratio and the substrate temperature keeping the growth time constant at 35 min. The V/III ratio was changed by modifying the Ga flux Φ Ga while keeping the N flux Φ N constant at 9.2 ± 0.5 nm/min. The impinging fluxes Φ Ga and Φ N were calibrated in equivalent growth rate units of planar GaN layers as described elsewhere [23] . The desorbing Ga flux during the experiments was monitored in situ by line-of-sight quadrupole mass spectrometry (QMS) [24] . The substrate temperatures were determined by a pyrometer which was calibrated for TiN as mentioned in Ref. 21 . In our MBE system the Ga and the N cell have a polar angle α between the impinging beams and the substrate normal of 37.5 • and are separated by an azimuthal angle β of 144 • . During the growth, samples A -D were continuously rotated in the direction in which the side facets are first exposed to the Ga beam and then, after a rotation of 144 • , to the N beam. The rotation speed was 7 rounds per minute (rpm). Sample E was grown without substrate rotation.
In order to image the morphology of the core-shell NWs presented in this study, micrographs were recorded in a fieldemission scanning electron microscope using an acceleration voltage of 5 kV. The length and diameter distributions, as well as the number density of the NW ensembles were determined by analyzing cross-sectional and top-view scanning electron (SE) micrographs with the help of the open-source software ImageJ [25] .
The model to describe the shell growth on the NW side facets as well as the growth on the NW top facet and the substrate is based on a system of coupled one-dimensional (1D) diffusion equations which is solved by a numerical finite difference method (FDM) using the NumPy package [26, 27] for scientific computing with Python. The model is presented in detail in the paper and and complemented in the supporting information.
III. RESULTS AND DISCUSSION
As a first step towards a comprehensive understanding of shell growth by MBE, in Fig. 1 we investigate the radial growth of GaN around GaN template NWs as a function of the V/III ratio and the substrate temperature. The inset in the upper right corner of the growth map shows a cross section and a plan view SE micrograph of the template NW ensemble. For purposes of direct comparison, the inset on the right-hand side of Sample A shows an SE micrograph of a single average template NW, and the green rectangle next to the inset illustrates the extension of a template NW underneath a GaN shell. The SE micrograph of sample A depicts that a growth temperature of 600 • C and nominally metal-rich growth conditions with a V/III ratio of 0.98 result in a homogeneous shell along the whole NW length, however, also lead to the formation of wide, trapezoid-shaped top segments. It should be noted that at 600 • C there was no Ga adatom desorption detected in the QMS. Increasing the V/III ratio to 1.1, hence, slightly N-rich growth conditions, NWs with straight top segments are obtained as shown for sample B. However, the radial growth along the NW side facets is not homogeneous anymore. Increasing radial growth towards the NW top and the NW bottom leads to a pronounced hourglass shape of the NWs. Also for much higher V/III ratios as for sample C this characteristic shape of the shell is maintained, whereas due to the reduced Ga flux less material is grown.
Increasing the growth temperature for sample D with regard to sample A leads to desorption of Ga adatoms (detected by QMS) which in turn results in N-rich conditions and a similar hourglass shape of the shell. The more pronounced top segments in comparison to sample B are likely the result of an increased adatom diffusion towards the NW top at higher temperatures [28] . Furthermore, we note that growth does not only take place on the side and top facets of the template NWs. All samples exhibit a parasitic GaN layer that has grown on the TiN substrate at the foot of the NWs as a result of the low substrate temperature. Such a parasitic GaN layer does not form at elevated substrate temperatures as in the case of the template NW ensemble (see inset) [20] [21] [22] .
In general, it was not possible to obtain a homogeneous shell along the whole length of the template NWs at low temperatures while avoiding the formation of wide top segments. We attribute the widening to metal-rich growth conditions at the top facet, which is in agreement with the literature [28] . The homogeneous shell obtained for Ga-rich growth conditions is most likely the result of a continuous wetting of the side facets during the growth; i. e. the Ga on the side facets is never fully consumed when the facets are exposed to the N beam and growth takes place. However, despite the homogeneous shell, the NW morphology obtained for metal-rich growth with its wide top segments is not suitable for a further device processing of the NW ensemble. Moreover, the side facets are shadowed more and more from the impinging beams by the top segments which renders the growth of more complex shell structures impossible. Hence, the best result in terms of shell homogeneity was obtained for sample B grown at 600 • C under nominally N-rich growth conditions.
In order to better understand the mechanisms leading to the formation of an hourglass shape of the GaN shell for various growth conditions, in Figs. 2(a) -(f) we compare sample B grown with continuous substrate rotation to sample E grown without substrate rotation at otherwise similar growth conditions. The goal of analyzing core-shell structures grown without substrate rotation is to learn more about the adatom diffusion processes on the different NW facets. Since in our MBE system, the Ga and the N beam are, with an azimuthal angle β of 144 • , opposed to each other as shown in the sketch in Fig. 2 (g) , shell growth without substrate rotation can only take place if there is diffusion of adatoms.
The NW depicted in Fig. 2 (a) shows the characteristic tapering found for the optimum sample B with bottom, center, and top diameters of 121 nm, 109 nm, and 146 nm, respectively, and a length of 920 nm. Figs. 2 (b) and (c) are representative SE micrographes of the NW ensemble. The NWs are almost completely uncoalesced and have a hexagonal faceting as it can be seen in the plan view image (c). For some NWs, mutual shadowing of adjacent NWs cannot be excluded, however, we found that also isolated NWs which where not shadowed by any other NWs in their surrounding showed a similar hourglass morphology. Hence, mutual shadowing of the NWs cannot be the decisive mechanism responsible for this characteristic shell shape.
Analyzing the NW morphology of sample E in Fig. 2 (d) , one can directly see that the growth of an hourglass-shaped shell also appears for the non-rotated sample, however, only on the N exposed side (right hand side in the image). The NW length is about 780 nm and the diameters along the NW from bottom to center to top are 145 nm, 62 nm, and 119 nm, respectively. Hence, with the template NWs having a mean diameter of about 35 nm, there is only very little radial growth in the NW center. This phenomenon can also be seen in Fig. 2 (e) , where the shell seems to have a kind of double half cone shape with less radially grown material towards the NW center. Furthermore, the shadowing of the N beam by the NWs leads to deep grooves in the parasitic GaN layer clearly visible in the plan view micrograph shown in Fig. 2 (e). It should be noted that most NWs which have an hourglass-shaped shell are not affected by shadowing by a neighboring NW, which otherwise would be indicated by a groove crossing the NW foot.
In general, the fact that shell growth only takes place at the N exposed side of the NW implies that N diffusion on the NW facets is negligible, in agreement with literature [10, 29, 30] . The absence of N adatom diffusion also explains the groove formation in the parasitic GaN layer. Moreover, that radial growth is much less pronounced in the NW center, indicates that Ga adatom diffusion around the NWs from m-plane to m-plane is strongly suppressed for these growth conditions. Hence, the Ga adatoms contributing to the growth on the N exposed side have to diffuse there either from the top facet or the substrate, which eventually results in the observed hourglass shape of the shell. The findings for sample E suggest that also for the rotated sample B, where the NWs show a less pronounced but similar hourglass shape, the inhomogeneity of the shell is mainly caused by Ga adatom diffusion processes and at most to a small extent by directly impinging Ga. In other words, the fact that the anion and cation beams impinge on different NW sides plays a major role for the final shell morphology. In order to elucidate in more depth how the arrangement of the material sources in an MBE system influences adatom diffusion and thus the final NW shape, we developed a 1D diffusion model for the Ga adatom concentration on the NW. The model takes into account five different regions as sketched in Fig. 3 (a) . In general, we assume that the diffusion of N is negligible as indicated by the analysis of sample E in Fig. 2 . Hence, in the model we only consider the diffusion of Ga adatoms. Moreover, we assume that in the presence of Ga on a given facet, each N adatom impinging on the facet contributes to the growth. For metal-rich growth conditions, the growth rate is thus limited by the impinging N flux. In the following we will introduce the model for the two different scenarios, with and without substrate rotation, and apply it to the shape occurring for samples B and E, respectively. Since experimentally we did not observe any significant Ga desorption for the samples B and E, Ga adatom desorption is not considered in the model.
A. Modeling shell growth without substrate rotation
In the case without substrate rotation, the regions in Fig. 3 (a) can be attributed to (I) the substrate, (II) the NW facet which is directly exposed to the Ga flux, (III) the NW top facet, (IV) the NW facet which is directly exposed to the N flux, and (V) again the substrate. The angle α is the angle between the impinging beams and the substrate normal and is the same for both sources. The plain-view sketch of Fig. 3 (b) illustrates the two different side facet regions II and IV. The Ga and N source and hence region II and IV are separated by an azimuthal angle β which depends on the chamber geometry of the MBE system. The Ga adatom concentrations n of the different regions (I) -(IV) are described by the following 1D diffusion equations:
The cross section sketch of a NW depicts the five different regions distinguished in our model: (I) the substrate, (II) the NW facet which is directly exposed to the Ga flux, (III) the NW top facet, (IV) the NW facet which is directly exposed to the N flux, and (V) again the substrate. The polar angle α is the angle between the flux direction of the material sources and the substrate normal. (b) The top view sketch of the NW shows the azimuthal arrangement of the side facet regions II and IV as well as of the Ga and the N source which are separated by an azimuthal angle β.
where D sub , D side , and D top are the diffusion coefficients and τ sub , τ side , and τ top are the lifetimes of Ga adatoms on the substrate, the side facet, and the top facet of the NW, respectively. In our model these six parameters describing the diffusion terms D ∂ 2 n/∂ x 2 and the incorporation terms n/τ are considered as fitting parameters. The different contributions of the impinging Ga flux for facets oriented parallel and perpendicular to the substrate are described by the flux terms χ J Ga and χ ⊥ J Ga , respectively, where χ = cos α and χ ⊥ = sin α.
Since in this section, we assume that the Ga and N species do not impinge on a given sidewall facet at the same time, the equations (I) -(IV) are only valid for azimuthal angles in the range 120 • < β < 240 • . A more general model will be introduced in section III B. Moreover, it should be noted that for region I, we did not consider the shadowing from the N beam by the NW, since the characteristics of this region are mainly governed by the non-shadowed area. We will discuss this in more detail below. The spatial ranges for the different regions are defined as
with the effective NW length l eff (t) = l(t) − h para (t) between parasitic layer and NW top facet, where l(t) is the total length of the NW starting from the substrate and h para (t) is the height of the parasitic layer. The parameter d(t) is the top facet diameter starting at the diameter of the template NW. Regarding the boundary conditions, the adatom concentration n as well as the diffusion fluxes are chosen to be continuous at the boundaries between the different regions j (with j ∈ I, ..., IV ) for all times t:
hence, we assume equality of the chemical potentials at the boundaries and the conservation of the number of adatoms in the whole system. For region I and IV, n goes to an equilibrium value of n ∞ far away from the NW. For the initial conditions, the adatom concentration n j is chosen to be zero for all x j in all regions j:
Since the Ga adatom concentration on the NW during the growth is experimentally not accessible, one has to model the final shell morphology, i. e. the grown material, in order to learn more about the adatom concentration and kinetics. The thickness of the grown material GM j at a certain point x j of the different regions j is described by integrating the growth rate GR j = n j (x j , t)/τ j (incorporated material per time) over the total growth time t g :
According to our assumptions, the growth rate GR j in each region can only be as high as the impinging N flux, which can be expressed as n j (x j , t)/τ j ≤ χ j J N . Hence, only one Ga adatom per impinging N atom is incorporated, excess adatoms are free to further diffuse.
The modeling of the grown material for the shell, the top segment and the parasitic layer on the substrate can be achieved according to Eq. (4) by adjusting the fitting parameters D and τ in the different regions. It should be noted that in order to get a good description of the shell growth, we took into account that the growth of the top facet and the parasitic layer affects the section of the side facet where growth can take place; i. e. once the parasitic layer increases, the lower part of the NW side wall is covered and once the top segment grows longer the side facet is enlarged.
The shell profile which develops on the side facet is mainly described by the adatom diffusion length on the side facet λ side = √ D side τ side , where D side mainly determines the symmetry of the shell along the NW and τ side regulates the shell thickness. The asymmetric shape of the shell, i. e. the shell being thicker (thinner) at the top and thinner (thicker) at the bottom part, is also influenced by the conditions on the adjacent regions III and IV, hence, the parameters D and τ on the top facet and the substrate. Playing with D sub and τ sub as well as D top and τ top allows to lower or increase the adatom concentration at the boundaries to region IV and thus the thickness of the grown material at the bottom and the top. However, the variation of D and τ in the regions III and IV is restricted, since also the modeling of the experimentally observed thickness of the top segment and the parasitic layer is taken into account and is essential for a reasonable description of the shell growth. As a reference for the modeling of the thickness of the parasitic layer, we used 227.5 nm which corresponds to the value obtained for Ga limited growth with χ Φ Ga = 6.5 nm/min and t g = 35 min far away from NWs, i. e. excluding shadowing effects of adjacent NWs. Since a decrease of the layer thickness towards the NW was usually not observed in SE micrographs, we assumed the thickness to be close to 227.5 nm for distances larger than 100 nm from the NW. Due to the smooth shape of the NWs, it was not possible to identify the onset for the top segment growth from SE micrographs which rendered an estimation of the top segment thickness impossible. Therefore, for the modeling we assumed the mean height of the top segments to be between 227.5 (value explained above) and 255.5 nm, where the latter thickness is obtain for N-limited growth at the top facet, hence, the maximum possible thickness.
Due to the fact that all regions are interconnected and depend on each other in a particular way, the whole system, i. e. a certain configuration of shell, top segment, and parasitic layer thickness, can only be described by a unique Table I . The angle α was chosen according to our MBE system (see experimental section) and the angle β = 144 • is within the range in which the equations (I) -(IV) are valid. Analyzing the adatom concentration of region II, one finds that up to about one monolayer (ML) of Ga accumulates on the Ga exposed side facet of region II (m-plane: 1 ML = 1.21×10 15 at/cm 2 ) and that the adatom concentration decreases towards the substrate (region I) and towards the NW top facet (region III). Since region II is only exposed to Ga there is no growth on this side facet. The adatom concentration on the top facet has a value of around 0.3 ML close to region II (c-plane: 1 ML = 1.14×10 15 at/cm 2 ) and decreases to about 0.1 ML at the boundary to region IV. A similar behavior is observed for the thickness of the top segment from one to the other boundary. Close to the Ga exposed side facet (region II), the segment reaches the maximum thickness of 255.5 nm. In contrast, close to the N exposed side facet (region IV), the thickness is 213 nm. It should be noted that a difference in thickness of the top segment from one to the other side was not observed experimentally by analyzing SE micrographs of single NWs of sample E. The average thickness of the top segment is 236 nm. Regarding the N exposed side facet (region IV), the adatom concentration has its maximum values at the boundaries to the top region III and the substrate region V with values of about 0.1 ML and around 0.2 ML, respectively. In the NW center, the adatom concentration is much lower than at the edges. The modeling of the shell thickness of region IV shows that the experimentally observed tapered shell profile (dots) along the NW of the non-rotated sample E can be well described by our model (line). The Ga adatom concentration on the substrate far away from the NW is with about 0.25 ML between the two extreme values of the top facet. The grown layer thickness is around 227.5 nm which coincides well with the experimentally found layer thickness in non-shadowed areas and only drops visibly for distances smaller than about 50 nm. In general, the belly shape of the adatom concentration in region II can be explained by the diffusion of Ga adatoms towards the substrate and the top of the NW, as indicated by the green arrows. The driving force for these diffusion processes are the different chemical potentials in the regions I, II, and III resulting from different material incorporation rates (growth rates) and impinging fluxes. For instance, without any additional diffusion fluxes one would expect region III to have a similar adatom concentration as the substrate regions I and V far away from the NW, since for both regions growth takes place in c-plane direction and both are exposed to the same Ga and N fluxes. However, as a consequence of the continuous Ga supply in region II and the nominally N-rich growth conditions in region III resulting in a gradient in the chemical potential, Ga adatoms diffuse onto the top facet, which even leads to a Ga excess and hence N-limited growth near the boundary of the two regions. In contrast, the adatom concentration is decreased towards region IV which results from the low chemical potential on the N exposed side facet IV and leads to a segment thickness below 227.5 nm, the one expected for growth at the rate of the impinging Ga flux. Hence, on this side of the NW, the gradient in the chemical potential causes Ga adatoms to diffuse from the top facet and the substrate onto the side facet of region IV and towards the NW center. The resulting profile of the adatom concentration resembles the characteristic hourglass shape which according to Eq. (4) manifests itself in the final shell profile. It should be mentioned that the flattening shell profile towards the NW top results from the shift of l eff (t) along the NW with increasing total NW length l(t) and parasitic layer height h(t). Moreover, the top facet diameter d(t) changes from 35 nm (diameter of template NW) to about 120 nm (template NW + shell) leading to a decrease in the diffusion towards region IV with increasing growth time.
Regarding the fitting parameters shown in Table I , we already mentioned that the intention of our model is not to extract precise values for D and τ but to quantitatively understand the adatom kinetics for the shell growth. Nevertheless, we would like to address a few points. In a realistic scenario, it can be assumed that there are diffusion barriers at the boundaries between the different regions [31] , e. g. because the surfaces of the regions have different crystallographic orientations. Since in our model we did not explicitly consider any diffusion barriers at the boundaries of the regions, their impact on the diffusion from region to region might be included in our fitting parameters. In general, diffusion barriers on the surface affect the diffusion coefficient which is defined by D = D 0 exp(−E diff /k B T) where D 0 is the temperatureindependent pre-factor, k B is the Boltzmann factor, and E diff is the height of the potential barriers on the surface. Analyzing the fitting parameters of table I, one finds that the values of D top and D sub of the c-plane regions which result in a good description of the shell profile are about two orders of magnitude lower than D side of the m-plane region IV. Hence, it is indeed likely that in our model, the values D top and D sub are dominated by the barrier heights at the boundaries and have to be seen as effective diffusion coefficients rather than realistic values for the respective regions. It should be noted that a difference of a few hundred meV in barrier height would be enough to explain the observed two orders of magnitude difference in D between the side facet and the top facet/substrate. According to density-functional theory calculations of Lymperakis et al. [30] , it is rather unlikely that the differences between D side and D top/sub result from the different barrier heights directly on the m-or c-plane since the barrier heights on the m-plane are actually higher, which would result in a comparatively smaller diffusion coefficient D side . Moreover, if the barrier heights at the boundaries dominate the values of D top , we might underestimate the diffusion length of the Ga adatoms on the top facet in our model. A larger diffusion length would result in a less pronounced thickness difference of the top segment from one to the other side, which would explain why the SE micrographs of sample E do not show recognizable change in thickness of the top segment. The only values for D found in literature are with 2×10 15 at/cm 2 at 740 • C on the m-planes [32] and about 1.1×10 15 at/cm 2 at 700 • C on the c-planes [29] several orders of magnitude lower than the values we obtained, but due to very different experimental conditions not directly comparable to our results.
Regarding the Ga adatom lifetimes τ, the values for the different regions are all in the hundred ms range with variations of about a factor two. It should be mentioned that modeling the shell growth for much larger Ga adatom lifetimes (two orders of magnitude or more) leads to an accumulation of several tens of ML of Ga in the different regions, increasing with further growth time. Since such a scenario is not realistic, the values we obtained for τ seem to be reasonable.
From modeling sample E, we can conclude that in the extreme case without rotation, indeed, the different azimuthal angles of Ga and N causing adatom diffusion from the top and the substrate onto the N exposed region seem to be mainly responsible for the inhomogeneous shape of the shell. However, the question is now, whether these conclusions also hold for the scenario with substrate rotation which is necessary to obtain a radially homogeneous shell and, moreover, whether a homogeneous shell thickness along the NW can be achieved for a different arrangement of the material sources or different growth conditions.
B. Modeling shell growth with substrate rotation
In order to simulate substrate rotation in our model, region II and IV have to be rotated with respect to the Ga and N source. The sketches in Fig. 5 (a) show three different rotation positions for the scenario where region II and IV are located on opposite sides (β = 180 • ). At position (i), region II and region IV are directly exposed to Ga and N, respectively. Once rotation is started, the regions move away from the direct beams of the sources. For instance, region IV first rotates out of the N beam until it is neither exposed to N nor to Ga (ii), then rotates into the Ga beam (iii) and subsequently back to the position where only N impinges on the facet. The flux sequence impinging on region IV during one rotation is shown Fig. 5 (b) . The dashed green lines indicate the different positions (i) -(iii) sketched in Fig. 5 (a) . To implement the continuous rotation in our model, the diffusion equations of region II and IV as they were defined in section III A have to be modified. Since in the rotation scenario, during one rotation both regions are exposed to Ga and N, the diffusion equations of region II and IV have to include both the incorporation term n/τ and the flux term χ ⊥ J Ga , which are modulated according to the rotation position by time-dependent factors p and q, respectively. The modified equations (II) and (IV) are given as with the time-dependent modulation factors for region II
and region IV
where ν is the rotation speed in rotations per minute. The diffusion equations of region I, II, and V are the same as defined in section III A. It should be noted that the modified model presented here in section III B is valid for all azimuthal angles β between the N and the Ga source. (region II and IV), the top facet (region III), and the substrate (region I and V) according to Eq. (4). The angles α and β were chosen according to the geometry of our MBE system as explained in the experimental section. One can see that the shell thickness of sample B (dots) can be very well described for fitting parameters similar to the ones obtained for the non-rotated case (see Table II ). Moreover, the simulated thickness of the parasitic layer and the top segment are shown. Since in our model the shadowing of the surface is not taken into account, we use 227.5 nm as reference value for the layer thickness far away from the NW (see section III A).
In the model we obtained a thickness of 227 nm for distances larger than about 50 nm from the NW for a set of parameters which resulted in the best description of the shell on the side facet. This value compares well with the experimentally found thickness of the parasitic layer of 220 nm (dashed line) in areas with low NW density. Analyzing the thickness of the top segment with an average value of about 231 nm, one finds that the segment becomes slightly thicker towards the edge of the NW. The higher growth rate in the lateral area of the top facet could be explained by the locally higher Ga adatom concentration induced by adatom diffusion from the Ga exposed side facet, similar to the non-rotated case shown in Fig. 4 . In order to better understand the adatom kinetics for the rotation case, in Fig. 7 we analyze the adatom concentration on the side facets during rotation. It should be mentioned that in our model, the growth on region II and region IV is symmetric under rotation. For simplicity, we focus on region IV in the following discussion. Fig. 7 (a) shows the Ga and N fluxes impinging on region IV with proceeding growth time, where the maximum values are 5 and 5.6 nm/min, respectively. The inset depicts the arrangement of the material sources and the regions II and IV for β = 144 • , corresponding to the geometry of our MBE system. The contour plot of Fig. 7 (b) depicts the adatom concentration of region IV for different growth times/rotation positions along the whole NW length, where red is the maximum and blue is the minimum adatom concentration with 8×10 14 at/cm 2 (0.65 ML) and 3×10 13 at/cm 2 (0.025 ML), respectively. For a better understanding, Fig. 7 (c) shows the precise evolution of the Ga adatom concentration plotted in Fig. 7 (b) at three different positions on the NW: the top (red), the center (green) and the bottom (violet) of the NW. At the time when region IV is exposed to Ga only, the adatom concentration rises fast in the center and slower at the edges. Subsequently, once region IV rotates away from the Ga beam and into the N beam, the adatom concentration is reduced, fast in the center and slower at the edges, until it is almost homogeneous along the whole NW. From this point on the situation on the side facet changes. While decreasing, the adatom concentration is now higher at the top and the bottom edges of the NW and has its minimum in the center. The minimum is reached shortly after the impinging N flux reached its highest value. Subsequently, once region IV rotates into the Ga beam again, the adatom concentration rises and a new rotation cycle begins. Fig. 7 (d) shows the actual growth rate GR (line) and the potential growth rate GR pot (dashes) at the top, the center and the bottom of the NW side facet region IV. The actual growth rate is defined as GR = n(x, t)/τ and reaches its maximum value once n(x, t)/τ = χJ N , as introduced in section III A. The potential growth rate GR pot is not limited by the latter condition and it is assumed that all Ga adatoms can be incorporated, hence, χJ N > n(x, t)/τ for all times. Or in other words, GR pot being larger than GR indicates metal-rich conditions on the facet. Fig. 7 (d) depicts that once the Ga-wetted surface is exposed to N, both GR as well as GR pot increase, where in the beginning GR pot is much larger in the center. At the top and the bottom there is not a big difference between the two growth rates. Once region IV passes the N peak flux and rotates away from the N source, GR and GR pot are identical.
In general, during one rotation period, a side facet passes through four different phases. The first phase is the wetting phase from 2 to 5.3 s (0 -3/4π), where Ga is deposited on a side facet which is still shadowed from the N beam. While the facet rotates away from the Ga source, Ga adatoms diffuse towards the NW top and the substrate due to gradients in the chemical potential. These diffusion processes cause the belly shape of the adatom concentration along the NW, similar to the situation on region II for the non-rotated case in section III A. The second phase is the metal-rich growth phase between 5.3 and 7.2 s (3/4π -6/5π). Once the facet rotates into the N beam, growth takes place, as shown in Fig. 7 (d) . However, in the beginning the growth rate is still low due to the large angle between the facet and the direct N beam and there are more Ga adatoms on the surface than N adatoms being provided by the impinging N flux. The consequence are Ga-rich growth conditions where the growth rate GR is limited by the impinging N flux and is the same along the whole NW length. The Ga excess during that rotation phase is illustrated in Fig. 7 (d) where GR pot is higher than GR. The Ga adatoms which are not incorporated are free to diffuse away, which leads to a flattening of the belly shape.
Only with further rotation away from the Ga source and into the N beam, N-rich conditions are established on the side facet. This is the third phase, the N-rich growth phase from 7.2 to 9.8 s (6/5π -9/5π). The priorly deposited Ga is consumed and the chemical potential on the side facet is lowered, which leads to diffusion from the top facet and the substrate onto the side facet. In this phase where χJ N > n(x, t)/τ, the growth rate is higher at the top and the bottom of the side facet resulting in the experimentally observed hourglass shape of the shell. The fourth and last phase is the dissociation phase between 9.8 and 10.6 s (9/5π -2π). With ongoing rotation, depending on the arrangement of the sources, there may be a rotation phase during which the side facet is neither exposed to Ga nor to N. In this phase, the probability for thermal dissociation of the grown material is the highest. However, in the case of GaN and for growth temperatures far below 800 • , the dissociation rate is negligibly small.
The analysis in Fig. 7 shows that the Ga adatom kinetics s h e l l t h i c k n e s s ( n m ) on the different NW facets is very complex during a common growth with substrate rotation and that it has a major influence on the final NW morphology. Also for the case with substrate rotation, we conclude that the main driving force for the pronounced adatom diffusion are large differences in the chemical potential on the various facets originating from the different azimuthal angles of the material sources. The experimental results shown in Fig. 1 and 2 as well as our conclusions from the modeling of sample B and E reveal that it seems not to be straightforward to experimentally obtain homogeneous shell growth. However, since the model describes very well the experimentally observed shell profile as well as the growth on top facet and substrate, it allows to further explore different growth conditions which were experimentally not accessible due to technical restrictions.
In Fig. 8 we analyze the evolution of the shell shape for different azimuthal angles, V/III ratios and rotation speeds at otherwise similar parameters as obtained for the modeling of sample B (see table II). Since the growth in region II and IV is identical, also for the analysis in Fig. 8 we focus on region IV. Fig. 8 (a) shows the evolution of the shell morphology for different angles β between the Ga and N source. For a large β of 180 -120 • the shell depicts a distinct hourglass shape, similar to the morphology of sample B. For angles of 60 • and smaller, the hourglass profile of the shell becomes less pronounced, however, the shell thickness still increases visibly towards the NW top and the bottom. The most homogeneous shell is obtained for a β of 0 • , where the Ga and N beam impinge from the same direction onto the side facet. For this source configuration, the differences in chemical potentials of the regions III, IV, and V are very small, leading to only little Ga adatom diffusion between the different facets. Hence, most of the material grows where it impinges. For the fitting parameters of sample B, a perfectly smooth shell with the same thickness along the whole NW length is only achieved for a β of 0 • and a polar angle α of 42 • (instead of 37.5 • like in our MBE system). In general, if the incorporation/growth rates n/τ were the same in all regions, an equilibrium of the chemical potentials would be achieved for an angle α of 45 • . For this angle, the impinging material fluxes impinging on the top facet, the substrate, and the respective side facets are identical. Since according to the fitting parameters obtained for sample B, the growth rate is slightly smaller on the side facet due to a higher adatom lifetime τ side , an equality of chemical potentials is achieved for α = 42 • . Fig. 8 (a) clarifies that, indeed, the shell morphology strongly depends on the azimuthal angles between the different sources and rather homogeneous shell morphologies can be achieved once the Ga and N sources are arranged next to each other. However, arranging the material sources close to each other is not necessarily realizable in standard MBE systems, where the different source ports are usually separated by an azimuthal angle of at least 30 • . Especially, once numerous material sources are needed for the growth of more complex and/or doped shell structures, it might be challenging to optimize the source configuration. This drawback raises the question whether a more homogeneous shell morphology can also be achieved by simply optimizing e. g. the V/III ratio or the rotation speed instead of physically rearranging the material sources. Fig. 8 (b) depicts the shell profiles for V/III ratios from 0.98 to 5, hence, moving from nominally Ga-rich to N-rich conditions. For the modeling, the Ga flux is kept constant at Φ Ga = 8.2 nm/min. For V/III ratios of 1 and above, the NW exhibits a very pronounced hour glass shape. For the highest V/III ratio of 5, the shell shows in addition a belly in the NW center. For a ratio of 1, the top part of the shell is rather straight at a value of about 55 nm. For even lower V/III ratios, the hour glass shape diminishes until a homogeneous shell thickness of 54 nm along the whole NW is achieved for a V/III ratio of 0.98. The belly shape in the center of the shell for high V/III ratios can be explained by the fact that with increasing N flux, the metal-rich growth phase on the side facet becomes much shorter. Hence, the belly shape in the Ga adatom concentration that developed during the wetting phase is preserved until the early stage of the N-rich growth phase and manifests itself in the shell morphology. Only with further N-rich growth, the Ga atom concentration on the side facet is lowered and the Ga diffusion from the NW top and the substrate onto the side facet increases, resulting in an increased shell thickness towards the NW top and the bottom. For lower V/III ratios, the metal-rich growth phase is much longer and most of the initially deposited Ga has diffused away until N-rich conditions are reached and a pronounced hourglass shape develops as discussed for Fig. 4 .
The strong increase in the shell thickness between V/III ratios of 1.1 and 0.98 results from an increased diffusion of excess Ga onto the side facet once metal-rich growth conditions are reached on the top facet and/or the substrate. For a V/III ratio of 1, e. g. the top part of the shell is grown under N-limited conditions due to the diffusion of excess Ga from the Ga exposed facet towards the top facet and from the top facet onto the side facet where growth takes place. This increase in shell thickness was also experimentally observed comparing sample A and B. Once the V/III ratio is lower than 1, metal-rich conditions are reached on all facets at any time of the rotation resulting in a very homogeneous shell. However, at V/III ratios < 1, wide, trapeziod-shaped top segments form, as seen for sample A and reported before [28] . Hence, as already observed experimentally for the samples A -C in Fig. 1, it does not seem possible to achieve a straight shell morphology without enlarged top segments by optimizing the V/III ratio.
The last important parameter we want to address is the rotation speed. Fig. 8 (c) shows that with increasing rotation speed from 1 to 15 rpm the pronounced concave profile of the shell vanishes and the shell becomes more homogeneous along the NW, however, the shell thickness still increases significantly towards the NW top. For rotation speeds higher than 15 rpm the shell develops a slight belly in the NW center. Only for rotation speeds of 60 rpm and higher a shell with a rather homogeneous thickness along the whole NW length is achieved. In general, the shell thickness increases with increasing rotation speed. As discussed for Fig. 7 , the hourglass shape of the shell found for low rotation speeds can be explained by the fact that the majority of the Ga that contributes to the growth diffuses from the top and the bottom onto the side facet, while most of the directly deposited Ga has already diffused away. However, the faster the rotation, the less of the directly deposited Ga is able to diffuse away during the wetting and metal-rich phase. Hence, once N-rich conditions are reached, the adatom concentration on the side facet is still rather high and homogeneous along the NW leading to an increased and rather uniform shell thickness. Moreover, the more Ga remains on the side facet until N-rich conditions are established, the lower is the gradient in chemical potential between side facet and the other facets, which results in only little Ga diffusion from the NW top and the substrate during the N-rich phase. This explains the comparatively small increase in shell thickness towards the NW top and the NW bottom for high rotation speeds.
The analysis of Fig. 8 (c) shows that a homogeneous shell morphology can also be achieved by high rotation speeds > 60 rpm. It should be noted that such high rotation speeds are not realizable in all MBE systems. In our case, for example, due to restrictions of the driving motor, we were only able to experimentally test rotation speeds up to 13 rpm, where we still observed a pronounced hourglass shape of the shell.
IV. SUMMARY AND CONCLUSIONS
In this combined experimental and theoretical study, we have investigated in detail the effect of the sequential deposition in MBE on the growth of GaN shells around GaN NWs. Our experimental results showed that it is not straightforward to obtain shells with homogeneous thickness along the whole NW length.
By modeling the shell growth with and without substrate rotation, we found that the hourglass shape observed for most growth conditions is the result of strong Ga adatom diffusion processes on the NW. These diffusion processes are decisively influenced by the fact that growth is possible only under directly impinging N, while Ga adatoms diffuse between the sidewalls and the top facet as well as the substrate, but not between adjacent sidewall facets. Modeling shell growth for various conditions, we found that homogeneous shells can be achieved for small azimuthal angles between Ga and N, where both materials impinge from the same direction. However, the positioning of material sources next to each other is not always practical or feasible, especially considering the growth of complex core-shell structures where ternary or quaternary alloys and doping are involved. As a solution to this impediment, we showed that also for very high rotation speeds rather homogeneous shells can be obtained. However, the necessary rotation speeds are rather fast and might not be realizable in every MBE system.
Beyond the pragmatic benefit of providing guidance for the design of growth protocols resulting in homogeneous shells, our model has also enabled a comprehensive understanding of the adatom concentration on the NW at all times during the growth. We found that the growth on the side facets can be categorized in four different phases: the wetting phase, the metal-rich growth phase, the N-rich growth phase, and the dissociation phase. The absolute and relative length of these phases during one rotation period may not only affect the thickness homogeneity of the shell along the NW as discussed above, but also its local surface roughness. The fact that for larger azimuthal angles, Ga and N are deposited at different times during the rotation leads to an extensive Ga diffusion during the wetting and the metal-rich growth phase, similar to an MEE growth process [4, 33] . This may explain the smooth side facets generally observed for NWs also for very low growth temperatures and nominally N-rich growth conditions. The striking difference to growth processes on planar samples is that in our case, diffusion takes place between different regions, i. e. the sidewall vs. the top facet and substrate, out of which on one N impinges not continuously, resulting in complex gradients in chemical potential that are modulated in time by substrate rotation.
Our analysis has shown that even for a binary material like GaN, shell growth by MBE is very complex. This finding raises the question how the shell growth of ternary or even more complex alloys may be influenced by the chamber geometry. For example, in the case of (In,Ga)N, where Ga is incorporated preferentially over In and In segregation may occur, the In incorporation might strongly be affected by the different characteristics of the four rotation phases.
In general, the strength of our model is that it not only considers all relevant regions like the different NW facets and the substrate, but also the full MBE geometry by taking into account the different time-dependent orientations of the side facets with respect to the material sources. This comprehensiveness of the model provides a deep understanding of diffusion processes and the resulting adatom concentration, and could be applied to other 3D structures and material systems.
